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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract
To optimize the evaluation of thermographic measurements a lock-in algorithm with motion compensation was 
developed. Analysis showed that motion of the specimen could be compensated and therefore deformation of stress 
and temperature fields could be eliminated. Based on the compensated pictures a better identification of the crack tip 
is possible in both, the E-Mode as well as the D-Mode. Also the resolution for stress measurements especially in 
regions with high emissive gradients is enhanced. The values of the E- and D-Amplitude evaluation are strongly
influenced by the motion compensation. Therefore this correction is essential for quantitative measurements.
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1. Int oduction
Lock-in thermography is a common technique for measuring elastic stress fields under cyclic loading since the first 
thermographic cameras came to market. The elastic stress fields can be evaluated based on temperature fields 
according to the thermoelastic effect as shown by Brémond (2007). A second field of application is the investigation 
of dissipative energies via the double frequency method proposed by Sakagami (2005). Previous fatigue experiments 
by Bär et al. (2015) showed deformed temperature fields assuming this is caused by specimen movement. Sakagami 
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(2007) achieved good result by using an image correlation technique. In this paper comparable experiments were 
evaluated with a self-developed lock-in algorithm in combination with a rigid body motion compensation.
2. Experimental Details
2.1. Crack Propagation Experiments
The experiments were executed with specimen of high-alloyed steel (X5CrNi18-10, AISI 304) sheet material with 
a thickness of 4 mm. The SEN-specimen with a length of 80 mm and a width of 12 mm were made directly of the 
sheet material. A notch with a length of 1 mm was machined into the specimen. For potential drop measurements, two 
pins with a distance of 4 mm symmetrical to the notch have been applied on the specimen.
The crack propagation experiments were performed under tension-compression loading (R=-1) at a frequency of 
20 Hz using a servo-hydraulic testing machine with a DOLI EDC 580 controller. To reduce bending forces parallel 
guided grips were used. Detailed descriptions of the testing equipment are given by Bär and Volpp (2001). The crack 
length was measured via a DC potential drop method. The crack length and the stress intensity factor (SIF) was 
calculated during the experiment, therefore stress intensity (Kmax and ∆K) controlled experiments are possible.
2.2. Thermographic measurement
Thermographic recordings with a CEDIP Titanium HD 560 camera accompanied the fatigue crack propagation 
experiments. During the experiments sequences of 990 frames (number of samples) with a size of 640x512 pixel and 
a framerate of 99 Hz (sampling frequency) were recorded in defined intervals. The loading signal was transferred from 
the EDC 580 controller to the camera and saved as 14 bit values in the header of each frame. To achieve a high and 
equal emissivity the surface of the specimen was smoothed and coated with a thin layer of black paint.
2.3. Motion Compensation
The motion compensation (MC) algorithm is based on three parts: edge detection, cross correlation between the 
first frame and the following ones and at last the backshift of the movement. The edge detection algorithm LoG
(Laplacian of Gaussian), described by Fedorova (2012), was used. The algorithm scans every single frame for radiation 
gradients (edges). Result is a Boolean image for each frame showing all edges. An upper and a lower alignment zone 
was allocated to define comparative pattern for the following cross correlation (Fig. 1a).
Fig. 1: (a) Boolean Edge Image with alignment zones; (b) Results of alignment zone motion.
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For specimen movement analysis the positions of the upper and lower comparative pattern was searched in all 
frames. The position in the following frame was determined via the convolution of the pattern and the frame (cross 
correlation). The maximum of convolution shows the present position of the pattern. By comparing this positions with 
the position in the frames, one gets the motion of the specimen. Figure 1b shows a shortened result of the vertical 
motion (y) of the upper alignment zone and the difference between the upper and lower zone. Generally in all 
experiments the shift between the upper and the lower alignment zone was less than one pixel, hence strain was not 
considered. The shift vertically to the loading direction (x-shift) is near zero due to the parallel guided grips of the 
testing machine. In a final step all frames are shifted according to the result of the motion of the alignment zones. For 
the best alignment near the crack the average shift between upper and lower zone was used.
2.4. Lock-In-Method
The core of the Lock-in Method is connecting a physical quantity with a constant lock-in frequency. During crack 
propagation experiments the temperature effects are connected with the loading frequency. According to the theory of 
the thermoelastic effect mentioned by Brémond (2007), the temperature change is connected to the local stress. The 
local stress is directly connected with the external loading. Sakagami (2005) showed the connection between local 
plasticity and the double loading frequency. This two effects lead to two temperature amplitudes: the E-Mode complex
temperature amplitude TE and the D-Mode complex temperature amplitude TD. Equation (1) shows a shortened Fourier
series of the complex temperature signal of a single pixel under usage of the two previous effects.
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The specimen is loaded with a sinusoidal alternating force therefore the mentioned responding effects have a
sinusoidal form, too. At that point the discrete Fourier transform (DFT) steps in. The DFT leads from a discrete 
sampled signal to a complex spectrum of sine functions representing the change of temperature for each frequency.
The results of the DFT depend mainly on two parameters: the number of samples (number of thermographic frames) 
and the sampling frequency fs. The number of frames gives the number of complex sine functions and the sampling 
frequency gives the maximum of the frequency complex spectrum. The frequency resolution is the maximum 
frequency divided by the number of frames.
The complex amplitudes of the complex temperature spectrum of sine functions are separated into an absolute value 
and a beginning phase of sine function. The discrete force signal is analyzed in the same way. The beginning phase of 
the loading sine is subtracted from the beginning phases of the temperature spectrum.
The symmetry of the spectrums is caused by the discrete measurement of the temperature. The spectrum itself is
symmetric to “frequency zero” and its repetition is shifted with multiple of the sampling frequency. 
Typically a DFT analyzed signal is bandwidth limited between the lowest frequency and the half of the sampling
frequency to suppress the overlaying of both parts. A bandwidth limitation in these experiments is not possible, hence 
the sampling frequency is not a multiple of the loading frequency so both parts lay side by side.
The “frequency zero” represents the average temperature TA of the pixel. The second highest peak is at the loading 
frequency 20 Hz and represents the thermo-elastic effect. The third highest peak shows the plasticity caused 
temperature change at the double loading frequency 40 Hz.
To reduce the computing time the Goerzel-algorithm of the DFT is used. This algorithm computes only specific 
predefined frequencies, in this case 0, 20 and 40 Hz. The higher harmonic responses (60 Hz, 80 Hz) are currently not 
considered. The complex amplitude results are separated afterwards in absolute value and beginning phase.
This lock-in method is applied on each pixel of the thermographic sequence. The results are three amplitude images
(average temperature (TA), thermo-elastic amplitude (E-Mode), plasticity effects amplitude (D-Mode)) and two phase 
images (phase image of the E-Mode and the D-Mode).
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3. Results
The thermographic measurements are performed on force and stress intensity controlled experiments. The 
following four pictures show the general effects of MC in the E- and the D-Amplitude (Fig. 2). Two different scales 
for the E- and D-Mode were used. The upper row shows the results of the normal DFT lock-in algorithm, below the 
results with MC are shown. The crack has a length of about 5 mm and the specimen was loaded with a force of 8 kN.
The MC modified images show a higher sharpness in areas with high emissivity gradients (edge of black paint). In 
the uncompensated images a structure in the coating is visible especially in the D-Mode. After MC an even coating 
structure is remaining. The symmetry of the E-Mode and D-Mode amplitude images is fully restored and all double 
image effects are gone. The influence of MC on the phase images is comparable as in case of the amplitude images.
The effect of MC can be seen beside the specimen. The background shows after MC areas with higher amplitudes 
that are artifacts caused by the mathematical treatment.
normal evaluation
motion compensated evaluation
E-Amplitude D-Amplitude
Fig. 2. Evaluation of motion compensated and normal results
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3.1. Global effects in constant force and constant stress intensity experiments
The constant force experiments were performed with forces of 8.0 and 8.2 kN, the experiments with constant stress 
intensity at Kmax-values between 12.5 and 22.5 MPa√m. According to previous experiments done by Bär et al. (2015) 
at the end of the experiments the temperature fields in front of the crack tip in the experiments with constant force 
were clearly asymmetric. To investigate the influence of the specimen motion and its compensation, the evaluation 
was undertaken in a rectangular section with 10 x 10 mm located adjacent to the notch as shown in Figure 3.
Fig. 3. Position of the analysis area
Figure 4 shows the mean E-Amplitude in the evaluation area with and without MC. No significant influence on the 
mean E-Amplitude due to the motion compensation is visible.
Fig. 4 (a) mean E-Amplitude in experiments with constant force / (b) experiment with constant stress intensity
Fig. 5 (a) mean D-amplitude in experiments with constant force / (b) experiment with constant stress intensity
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The mean D-Amplitude in the evaluation area is strongly affected by the MC as shown in Figure 5. The increase of 
random noise in E- and D-Mode becomes obvious as a consequence of MC. The average values are not significant for 
describing the changes in temperature fields because they only give single values for the general distribution of energy. 
There is no detailed information about energy distribution around the crack and its timing during a cycle.
3.2. Influence of MC on maximum values and temperature gradient beside the crack
Figure 6 shows two contours parallel to the loading direction through the crack tip in experiments with a SIF of 
Kmax=22.5 (a) and 12.5 MPa√m (b), respectively. The origin is located at the crack tip, positive distances are above, 
negative below the crack. There is no influence on the average temperature caused by the MC because the specimen 
movement is very small in relation to the gradient of the average temperature. However, the E-Mode and D-Mode are 
influenced significantly. In case of the experiment with Kmax=22.5 MPa√m (Fig. 6a) the maximum of the E-Amplitude 
is shifted directly to the position of the crack tip and the value of the maximum is increased. The same can be observed 
in the D-Amplitude, but due to the lower value the changes are not that significant. Reducing the stress intensity 
reduces this shifting effect because the smaller intensity minimalizes the movement of the specimen.
Fig. 6. Amplitude contours beside crack (a) Kmax=22.5 MPa√m (b) Kmax=12.5 MPa√m
Figure 7 shows the maximum and minimum values of the average temperature TA within the evaluation area of two 
experiments with different constant stress intensities. It should be mentioned at that point that TA is not the mean 
temperature of the specimen (compare Eq. 1). Only the ligament region of the crack was spotted, therefore the 
maximum values refer to zone of the crack tip (compare Fig 7). The extremal values of the average temperature TA
are merged together via MC. The not compensated demerging effect is higher at lower stress intensity.
Fig. 7. Extremal values of average temperature (a) SFI=22,5 MPa√m (b) SFI 12,5 MPa√m
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3.3. Influence on identification of the crack tip
The contour in figure 9 shows the influence of the MC at the most crucial area of crack propagation: the crack path.
The phase value of both modes are shifted via π (180°) for visual reasons. The vertical black line indicates the crack 
length given by the DC potential drop. The precise assignment of the crack length from potential measurement and 
the thermographic data is difficult because both methods are not time synchronized and so an offset is possible.
The MC does not influence the E-Mode phase values. The E-Mode phase shows a characteristic peak near the crack 
tip, characterized by Diaz (2004) as a zone were the adiabatic conditions are lost. The D-Mode phase values show a 
step of π (180°) which is shifted by the MC to the position of the E-Phase peak. That refers to the conclusion that the 
areas along the crack path are in counter shift to the area in front of the crack. This leads to the conclusion that in front 
of the crack tip energy is dissipated in tension, behind the crack tip in compression loading. The decrease of the phase
values in front of the crack tip can be contributed to noise, because the D-Amplitude is already close to zero.
This characteristic position in phase contours is close to the maximums in the amplitude contours but they are not 
matching. In this region between E-Phase peak and D-Phase step and the maximums in E- and D-Amplitude, the 
average temperature exhibits a small plateau. This region definitely corresponds to the crack tip itself or the zone just 
in front of the crack tip.
Fig. 9. (a) Amplitude contours along crack path (b) phase contours along crack path
4. Conclusion
Lock-in thermography is a contact free way to visualize cracks and their alternating temperature fields during 
fatigue crack propagation experiments. The specimen movement caused by the loading has an enormous influence on 
the results in all three Modes. Therefore, a motion compensation technique is necessary. In the experiments performed 
in this work, strain was below pixel size, therefore a simple rigid motion tracking with back shifting afterwards was 
satisfactory.
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Two essential effects of uncompensated measurements have strong influence on the stress values at the crack tip: 
the shifting effect of the E-Amplitude TE and the demerging effect of the maximum of the average temperature TA.
The theoretical elastic stress at the crack tip is given by the thermoelastic effect (compare Equation 2) given by 
Thomson (1853). The factor 2 is necessary because the DFT gives only amplitudes and not the maximum range. Both 
effects strongly influence the determination of the elastic stress near the crack tip. Therefore motion compensation is 
an indispensable part of the lock-in analysis for stress measurements.
E
thermo elastic
A
2 T
K
T−
⋅
∆σ = ⋅ (2)
A global analysis of the amplitude images is not reliable because, for example, examination of the crack path shows 
a phase step in the region of the crack tip, connecting different regions to tension or compression. A differential 
analysis considering the crack directly and structure of the spotted region is necessary. Jones (2006) also did this 
differentiation and divided it in two parts: crack tip effects and crack face rubbing.
The analysis shows that Phase images and the Amplitude images would refer to nearly matching but different crack
tip position. This position matches within its errors with the crack length of the potential drop. This enhanced 
detectability of the crack tip is a clear advantage of the MC. A clear identification of the crack tip is possible at all 
stress intensities and even in experiments with long cracks and high loads.
The postulated parts (E-Mode and D-Mode) respond with the result of the DFT. The fundamental frequency 
(loading frequency) respond with E-Mode and the first harmonic frequency with the D-Mode. Furthermore, higher 
harmonic responses related with the loading frequency exist. These higher harmonic responses had been ignored in 
the lock-in algorithm. However, the amplitude of second harmonic (60 Hz) and the third (80 Hz) are in the size of the 
first harmonic. This could refer to further nonlinear effects or could be a mathematical effect. These higher harmonics
and their possible depended energy dissipations should be the task of a further investigation.
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